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Mathematical modelsAbstract Trafﬁc turning movement counts at roundabouts is one of the key inputs required for
roundabout assessment, control and management. Traditionally, a direct counting is conducted
to track a vehicle from entering through circulation until exiting. This counting may be difﬁcult
and costly due to the size of roundabout, the vision obstacles, and the continuous trafﬁc ﬂow. Many
researchers tried to avoid the tracking problem by counting only at entries and exits, then estimat-
ing the movements based on historical data which unfortunately affect the results. Other researchers
reduced the tracking problem by counting some turning movements in addition to at entries and
exits, then calculating mathematically the remaining movements. This approach is practical and
accurate; however, it was applied on limited cases. In this paper, a generalized mathematical model
was developed to calculate the most difﬁcult movements based on the easiest movements deter-
mined based on the size of monitoring area. The developed model can be used to calculate the turn-
ing movements, including the u-turns, for roundabouts with any number of legs. The developed
model was presented in O–D matrix forms to be practical and user-friendly. The model was vali-
dated against reference count data and the results were found to be satisfactory.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University.1. Introduction
Roundabouts are one of the widely used types of intersections
nowadays. They serve a major role in regulating vehicle turning
movements from one direction to another in a safe and efﬁcient
manner. Determination of trafﬁc turning movement counts atroundabouts is one of the key inputs required for a variety of
trafﬁc analysis, including intersection geometric design, trafﬁc
control devices design, trafﬁc impact assessment, capacity esti-
mation, safety evaluation, etc. Standard intersections are rela-
tively straightforward to count, but for roundabouts the
situation is different [1]. It may be difﬁcult and costly to track
a vehicle from entry through circulation until exit the round-
about due to the size of roundabout and the vision obstacles.
Additionally, the continuous entry of new vehicles from all legs
makes it difﬁcult to track every vehicle. For these reasons, the
traditional and direct counting survey conducted by manual
manner, counters, or even video cameras may not necessarily
670 A.-S.A. Al-Sobky, I.H. Hashimbe appropriate as a workable methods especially for large
roundabouts and roundabouts with site limitations.
Estimating turning movement volumes at roundabouts,
given some level of ﬁeld measurements as input, is an alternative
to full and direct ﬁeld observations. Based on this approach, sev-
eral attempts to estimate turningmovement volumeswere devel-
oped making the use of trafﬁc counts only at entries and exits
and historical data for turning movement volumes [2–10].
Unfortunately, the results obtained by such methods may be
inaccurate due to the inﬂuence of the used seed data.
Another approach was developed to reduce the tracking
problem by counting some turning movements in addition to
in-ﬂows and out-ﬂows. Then, it could be possible to calculate
the remaining turning movement volumes using mathematical
models [11,12]. Although this approach is practical and accu-
rate; the developed models, based on this approach, have
many potential shortcomings, as follow. No general models
were developed to estimate turning movement volumes for
roundabouts with any number of legs. The developed models
were based on the assumption that no U-turn movements from
and to the same roundabout leg are available. Moreover, the
important topic of economizing and simplifying ﬁeld data col-
lection was not addressed in this approach.
The purpose of this paper is to develop a generalized math-
ematical model to overcome the above mentioned shortcom-
ings. More speciﬁcally this paper aims to:
 Calculate the most difﬁcult turning movements based on
counting only out-ﬂows, circulating ﬂows in addition to
the easiest turning movements.
 Include the u-turn movements in the calculations, for
roundabouts with any number of entries and exits.
 Reduce the number of the detectors or counters in addition
to simplify the setting up.
 Present the developed model in an O–D matrix form to be
practical and to easily calculate the turning movements for
any roundabouts.
The paper is divided into four sections. Following the intro-
duction is a proposed approach of the developed methodology
including basic deﬁnitions, monitoring area, and equations
system. Then, the model development section is presented.
Next is a validation of the developed method based on real
observation data. Finally, a summary of main conclusions
and suggestions for future work is given.
2. Proposed approach
The proposed approach aims at calculating mathematically the
most difﬁcult turning movements, based on out-ﬂows, circulat-
ing ﬂows, and the easiest turning movements in the round-
about. The criterion used to decide whether the movement is
easy or difﬁcult is the size of the area to be monitored to track
any vehicle. The following subsections discuss the concept of
monitoring area size, equations system and the basic deﬁni-
tions used to develop the proposed model.
2.1. Basic deﬁnitions
In this subsection, the used terms in developing the proposed
model will be deﬁned.Out-ﬂow Oi: Total trafﬁc ﬂow leaves leg i (e.g. O2 means the
trafﬁc ﬂow leaves leg/exit 2).
Circulating ﬂow Ci: Total trafﬁc ﬂow circulates in front of
leg i (e.g. C2 means the trafﬁc ﬂow circulates in front of leg
2).
Turning movement Mki : Trafﬁc ﬂow leaves the roundabout
at leg i and comes from k legs before leg i (e.g. M13 means
the trafﬁc ﬂow leaves from leg/exit 3 and comes from leg/
entrance 2).
NB: U-turning movement has k= 0, right-turn movement
has k= 1, and left-turn movement has k= N  1, where N is
the number of the roundabout legs.
Succeeding turning movement Mkiþj: Trafﬁc ﬂow leaves the
roundabout at leg/exit after i by j legs and comes from the
leg/entrance before i+ j leg by k legs (e.g. M02þ1, u-turning
ﬂow, the trafﬁc ﬂow leaves the roundabout at leg/exit 3 and
comes also from leg/entrance 3, another example M22þ1 is
the trafﬁc ﬂow leaves the roundabout at leg/exit 3 and
comes from leg/entrance 1).
NB: if i+ j> N then i+ j should be considered i+ j  N
(e.g. in the 3-leg roundabout, M13þ2 means the trafﬁc ﬂow
leaves the roundabout at leg/exit 2 and comes from leg/
entrance 1).
2.2. Monitoring area
In any roundabout, both out-ﬂows and circulating ﬂows need
the smallest monitoring areas to be tracked. Each right-turn
needs a monitoring area covering 1
N
of the roundabout area,
where N is the number of roundabout legs. Also, each through
movement needs a monitoring area covering 1
2
of the round-
about area. For left-turn movements, each one needs a moni-
toring area covering N1
N
of the roundabout area. For U-turns,
each movement needs a monitoring area covering N2
N
of the
roundabout area. Therefore, the easiest movements are out-
ﬂows and circulating ﬂows while the most difﬁcult movements
are the left-turns.
In 3-leg roundabouts, the monitoring area size of right-turn
and u-turn may be equal, however, u-turn is easier than right-
turn due to the possibility of conﬂict in the case of right-turns.
On the other hand, in 4-leg roundabouts, the monitoring area
size of through movement and u-turn may be equal; however,
u-turn is easier than through movement due to the possibility
of conﬂict in through movements.
2.3. Equations system
The proposed equations system is a determinant system of lin-
ear equations having the two difﬁcult turning movements as
unknowns and the easiest turning movements in addition to
out-ﬂows and circulating ﬂows as inputs. The number of
observations should be equal to the number of unknowns, in
the determinate equation system. In the 3-leg roundabouts,
the unknowns are left-turning, and right-turning movements
while the easiest observations are out-ﬂows, circulating ﬂows,
and u-turning movements if exist. Similarly, in the 4-leg round-
abouts, the unknowns are left-turning, and through move-
ments while the easiest observations are out-ﬂows,
Table 1 Observed and unknown turning movements for 3-leg
roundabout.
To
From 1 2 3
1 M01 M
1
2 M
2
3
2 M21 M
0
2 M
1
3
3 M11 M
2
2 M
0
3
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existed. Generally, in all roundabouts, the unknowns are the
two difﬁcult turning movements and the observations are
out-ﬂows and circulating ﬂows, in addition to other easiest
movements as the u-turning movements in the 3-leg round-
abouts, or the right-turning and u-turning movements in the
4-leg roundabouts.
3. Model development
The proposed model depends on the number of roundabout
legs. Therefore, the proposed model will be explained for
three-leg, four-leg, and ﬁve-leg cases separately. Then a general
case for N-leg roundabout is presented. In every case; the eas-
iest and most difﬁcult turning movements are deﬁned, then
mathematical equations are used to calculate the most difﬁcult
turning movements using the easiest turning movement as well
as out-ﬂows and circulating ﬂows. In the three-leg and four-leg
roundabout cases, two scenarios are studied concerning the
exiting and the absence of u-turns inside the roundabout. In
the speciﬁc cases, three, four, and ﬁve-leg roundabouts, the
model is presented in an O–D matrix forms to be practical
and user-friendly.3.1. Three-leg roundabout model
In this case, the unknowns, the most difﬁcult turning move-
ments, are right-turning M1i and left-turning M
2
i , leaving the
roundabout at leg i. The required, the easiest, observations
are out-ﬂows Oi, circulating ﬂows Ci, and u-turns M
0
i if exist,
as shown in Fig. 1. Table 1 indicates all roundabout turning
movements including the unknowns and the required observa-
tions (observations are indicated in bold).
There are three equations for out-ﬂows and three others for
circulating ﬂows, as follows:
Oi ¼M0i þM1i þM2i ði ¼ 1; 2; 3Þ ð1Þ
Ci ¼M2iþ1 þM0iþ1 þM0i1 ði ¼ 1; 2; 3Þ ð2Þ
where:Figure 1 Required observations and their monitoring areas for
3-leg roundabout.M2i = left-turning trafﬁc exits the roundabout at leg i and
enters from the leg preceding i by two legs;
M2iþ1 = left-turning trafﬁc exits at leg succeeding I and
enters from leg preceding to leg i;
M0iþ1 = the u-turn for the leg succeeding leg i; and
M0i1 = the u-turn for the leg preceding leg i.
The unknowns can be determined by solving the above six
equations simultaneously, as follows:
3.1.1. Right-turn unknowns
M1i ¼ Oi þM0iþ1  Ciþ2 ði ¼ 1; 2; 3Þ ð3Þ
As an example, M11 ¼ O1 þM01þ1  C1þ2, means that:
Right-turn leaves leg/exit 1 = out-ﬂow for leg 1 + u-turn
for leg 3 – circulating ﬂow in front of leg 3.
3.1.2. Left-turn unknowns
M2i ¼ Ciþ2 M0i M0iþ1 ði ¼ 1; 2; 3Þ ð4Þ
The three-leg roundabout model, including all turning move-
ments, is summarized and presented in a form of O–D matrix
to be practical and to easily calculate the turning movements,
as in Table 2.
In the case of no u-turning movements, the matrix will be as
shown in Table 3.
3.2. Four-leg roundabout model
In this roundabout, the unknowns, the difﬁcult turning move-
ments, are through movements M2i and left-turning move-
ments M3i , leaving leg i. The required trafﬁc counts to be
observed are out-ﬂows Oi, circulating ﬂows Ci, right-turning
movements M1i , leaving leg i, assuming that no u-turning
movements occur inside the roundabout, as shown in Fig. 2.
Table 4 indicates all roundabout turning movements including
the unknowns and the required observations (observations are
indicated in bold).Table 2 Turning movements matrix for 3-leg roundabout.
To
From 1 2 3
1 M01 O2 þM03  C1 C2 M03 M01
2 C3 M01 M02 M02 O3 þM01  C2
3 O1 þM02  C3 C1 M02 M03 M03
Table 4 Turning movements for 4-leg roundabout without u-
turns.
To
From 1 2 3 4
1 0 M12 M
2
3 M
3
4
2 M31 0 M
1
3 M
2
4
3 M21 M
3
2 0 M
1
4
4 M11 M
2
2 M
3
3 0
Table 3 Turning movements matrix without u-turns for 3-leg
roundabout.
To
From 1 2 3
1 0 O2–C1 C2
2 C3 0 O3–C2
3 O1–C3 C1 0
672 A.-S.A. Al-Sobky, I.H. HashimThere are four equations for out-ﬂows and four others for
circulating ﬂows, as follows:
Oi ¼M1i þM2i þM3i ði ¼ 1; 2; 3; 4Þ ð5Þ
Ci ¼M2iþ1 þM3iþ1 þM3iþ2 ði ¼ 1; 2; 3; 4Þ ð6Þ
The unknowns can be determined by solving the above
eight equations simultaneously, as follows:
3.2.1. Through movement unknowns
M2i ¼ Oi þOi1 M1i M1i1  Ciþ2 ði ¼ 1; 2; 3; 4Þ ð7Þ
As an example, M21 ¼ O1 þO11 M11 M111  C1þ2, means
that the through movement leaves exit/leg 1 = out-ﬂow leaves
leg 1 + out-ﬂow leaves leg 4 – right -turn leaves to leg 1 –
right-turn leaves leg 4 – circulating ﬂow in front of leg 3.
3.2.2. Left-turn unknowns
M3i ¼ Ciþ2 Oi1 þM1i1 ði ¼ 1; 2; 3; 4Þ ð8Þ
Table 5 summarizes the ﬁnal solution.
If any u-turning movement occurs, its value should be
observed and subtracted from all out-ﬂows and circulating
ﬂows containing it. In other words, if u-turn of leg 1 occurs
inside the roundabout, then it should be observed using the
monitoring area indicated in Fig. 3 and then it should be sub-
tracted from out-ﬂow leaving leg O1, circulating ﬂows; C2, C3,Figure 2 Required observations and their monitoring areas for
4-leg roundabout without u-turn movements.and C4. Similarly, if all u-turning movements occur inside the
roundabout, then the unknowns will be as follows:
3.2.3. Through movement unknowns with u-turns
M2i ¼ Oi þOi1 M1i M1i1  Ciþ2 þM0iþ1 ði ¼ 1; 2; 3; 4Þ
ð9Þ3.2.4. Left-turn unknowns with u-turns
M3i ¼ Ciþ2 Oi1 þM1i1 M0i M0iþ1 ði ¼ 1; 2; 3; 4Þ ð10Þ
The turning movements, in the case of u-turns, are indi-
cated in Table 6.
3.3. Five-leg roundabout model
In this case, the unknowns are turning movementsM4i andM
3
i
while the observations are out-ﬂows Oi, circulating ﬂows Ci,
and turning movements M1i and M
2
i in addition to u-turn
movementsM0i if exist. Table 7 indicates the unknown turning
movements and the required observations (observations are
indicated in bold).
There are ﬁve equations for out-ﬂows and other ﬁve equa-
tions for circulating ﬂows.
The unknowns can be determined by solving the 10 equa-
tions simultaneously and the results will be as follows:
3.3.1. The 3rd turning movement unknowns
M3i ¼ Oi þOi1 þOi2  Ciþ2 þM0iþ1 M1i M1iþ3
M1iþ4 M2i M2iþ4 ði ¼ 1; 2; 3; 4; 5Þ ð11Þ3.3.2. The 4th turning movement unknowns
M4i ¼ Ciþ2 Oi1 Oi2 M0i M0iþ1 þM1iþ3 þM1iþ4
þM2iþ4 ði ¼ 1; 2; 3; 4; 5Þ ð12Þ
Table 8 summarizes the ﬁnal solution.
3.4. N-leg roundabout model
The general model for N-leg roundabout has two linear equa-
tions; the ﬁrst equation is for the left-turning movementsMN1i
and the second equation is for the turning movements MN2i :
Both equations are based on out-ﬂows Oi, circulating ﬂows
Ci in addition to the easiest turning movements M
N3
i ;
Figure 3 U-turn and its monitoring areas for 4-leg roundabout.
Table 5 Turning movements matrix without u-turns for 4-leg roundabout.
To
From 1 2 3 4
1 0 M12 O3 þO2 M13 M12  C1 C2 O3 þM13
2 C3 O4 þM14 0 M13 O4 þO3 M14 M13  C2
3 O1 þO4 M11 M14  C3 C4 O1 þM11 0 M14
4 M11 O2 þO1 M12 M11  C4 C1 O2 þM12 0
Table 7 Turning movements for 5-leg roundabout.
To
From 1 2 3 4 5
1 M01 M
1
2 M
2
3 M
3
4 M
4
5
2 M41 M
0
2 M
1
3 M
2
4 M
3
5
3 M31 M
4
2 M
0
3 M
1
4 M
2
5
4 M21 M
3
2 M
4
3 M
0
4 M
1
5
5 M11 M
2
2 M
3
3 M
4
4 M
0
5
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0
i : Table 9 indicates the unknown turning move-
ments and the required observations (observations are indi-
cated in bold).
There are N equations for out-ﬂows Oi and N others for
circulating ﬂows Ci. The unknowns can be determined by
solving the 2N equations simultaneously and the results are
as follows:3.4.1. The (N – 1)th turning movement unknownsMN1i ¼ Ciþ2 
Xk¼N3
k¼1
Oik 
Xj¼N1
j¼1
M0iþjþ2 þ
Xj¼N1
j¼3
Xk¼N3
k¼0
Mkiþj

Xj¼N4
j¼1
Xk¼N3
k¼jþ1
Mkiþjþ2 ði ¼ 1; 2; . . . ;NÞ ð13ÞTable 6 Turning movements matrix with u-turns for 4-leg roundab
To
From 1 2
1 M01 M
1
2
2 C3 O4 þM14 M01 M02 M02
3 O1 þO4 M11 M14  C3 þM02 C4 O1 þM11 M02 M03
4 M11 O2 þO1 M12 M11  C4 þM033.4.2. N  2th turning movement unknowns
MN2i ¼
Xk¼N3
k¼0
Oik  Ciþ2 þ
Xj¼N1
j¼1
M0iþjþ2 
Xj¼N
j¼3
Xk¼N3
k¼0
Mkiþj
þ
Xj¼N4
j¼1
Xk¼N3
k¼jþ1
Mkiþjþ2 ði ¼ 1; 2; . . . ;NÞ ð14Þ4. Model validation
In order to check the validity of the developed mathematical
model, a web-based one hour video trafﬁc count at 4-leg
roundabout was used [13] as indicated in Fig. 4.
To extract the required data, two separate computer-based
trafﬁc surveys were performed. The ﬁrst survey is to obtain the
trafﬁc count for all roundabout turning movements using the
direct manual count to be the reference data. The second sur-
vey is to obtain only out-ﬂows Oi, circulating ﬂows Ci, and
right-turning movements M1i ; as indicated in Table 10, to be
used as input in the 4-leg roundabout model. In both surveys,
careful consideration was given to obtain the exact count for
each required movement. Therefore three independent survey-
ors were assigned to count each movement. Cross validation
among the data collected for each movement, by the three sur-
veyors, in each survey, was carried out. Any inconsistency was
revised and corrected.out.
3 4
O3 þO2 M13 M12  C1 þM04 C2 O3 þM13 M04 M01
M13 O4 þO3 M14 M13  C2 þM01
M03 M
1
4
C1 O2 þM12 M03 M04 M04
Table 11 The reference and calculated turning movements.
To
From 1 2 3 4
1 0 (0) 61 (61) 610 (610) 94 (99)
2 38 (32) 0 (0) 40 (40) 98 (93)
3 496 (495) 37 (39) 0 (0) 142 (142)
4 102 (102) 131 (134) 168 (165) 0 (0)
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Figure 4 The used roundabout in model validation.
Table 9 Turning movements for N-leg roundabout.
To
From 1 2 3 . . . N  1 N
1 M01 M
1
2 M
2
3 . . . M
N2
N1 M
N1
N
2 MN11 M
0
2 M
1
3 . . . M
N3
N1 M
N2
N
3 MN21 M
N1
2 M
0
3 . . . M
N4
N1 M
N3
N
. . . . . . . . . . . . . . . . . . . . .
N  1 M21 M32 M43 . . . M0N1 M1N
N M11 M
2
2 M
3
3 . . . M
N1
N1 M
0
N
Table 10 The observations in the second survey.
Leg (i) 1 2 3 4
Oi 635 229 818 333
Ci 336 872 229 570
M1i 102 61 40 142
674 A.-S.A. Al-Sobky, I.H. HashimA 4-leg roundabout model, as in Table 5, was used to cal-
culate the full turning movements, based on the data collected
in the 2nd survey. Table 11 shows the reference turning move-
ments, as in parentheses, as well as the calculated count using
the proposed model. Comparing both counts indicates an
agreement between reference and calculated turning move-
ments. Such results reﬂect the accuracy of the developed mod-
els to be used for calculation. However, other validations
should be conducted using more roundabouts types, upon data
availability.
A generalized mathematical model to determine the turning movement counts at roundabouts 675It is worth mentioning that the time consumed to extract
the reference turning movements was 12 h in the ﬁrst survey;
one hour for every movement. While the time in the second
survey was 8 h; one hour for right-turn for every leg and one
hour for both out-ﬂow and circulating ﬂow at every leg. These
results mean that the proposed model achieves accurate counts
with less cost of man-hours in the site for the case of manual
survey or in the ofﬁce for the case of using video camera.
5. Conclusions and recommendations for future work
Tracking vehicles through roundabouts is not a straightfor-
ward task. There is, then, a need to ﬁnd a suitable and practical
method to acquire turning movement volumes at roundabouts.
The primary objective of this paper is to develop a generalized
mathematical model that calculates the turning movement vol-
umes for any roundabout with any number of legs. In this
paper, a simpliﬁed model was developed and presented to cal-
culate mathematically the most difﬁcult turning movements
based on surveying out-ﬂows, circulating ﬂows, and the easiest
turning movements. The criterion used to decide whether the
movement is easy or difﬁcult is based on the size of the area
to be monitored to track any vehicle movement. The developed
model considers the u-turn movements in the calculations for
roundabouts with any number of entries and exits. It seems
that no satisfactory model that considers u-turns was found
by previous researchers. The model has cost-effective and prac-
tical use in reducing the number of detectors or counters in
addition to simplify their setting up (whether video, automatic
or manual techniques are in use). Based on the model, the
efforts of the ﬁeld counts will be concentrated on certain sec-
tions/movements of the roundabout without the need to sur-
vey all movements of a roundabout. The reduction in the
number of detectors could be due to site limitations or other
reasons. Moreover, the model was presented in a form of O–
D matrix to be practical and to easily calculate the turning
movements. Furthermore, the model was validated against ref-
erence trafﬁc count data and the results were found to be sat-
isfactory. The validation example ensured that the proposed
model can signiﬁcantly reduce the cost of man-hours needed
in site or in ofﬁce. On the other hand, the proposed model is
useful to overcome the tracking problem in the large round-
about or in the case of vision obstacles.
Although, the developed model can be used for round-
abouts with U-turn movements and under any trafﬁc condi-
tion, the validation is based on one roundabout without any
U-turn movements and carrying relatively moderate trafﬁc
volumes. However, it is hoped, upon data availability, to val-
idate the developed model using more cases with U-turn move-
ments and under heavy trafﬁc volumes.Finally, it is recommended to carry out more investigations
to examine the developed models using comprehensive ﬁeld
data for roundabouts with different legs.References
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